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Supramolecular-covalent hybrid polymers have been shown to be interesting systems to generate robotic
functions in soft materials in response to external stimuli. In recent work supramolecular components were
found to enhance the speed of reversible bending deformations and locomotion when exposed to light.
The role of morphology in the supramolecular phases integrated into these hybrid materials remains
unclear. We report here on supramolecular-covalent hybrid materials that incorporate either high-
aspect-ratio peptide amphiphile (PA) ribbons and fibers, or low-aspect-ratio spherical peptide
amphiphile micelles into photo-active spiropyran polymeric matrices. We found that the high-aspect-
ratio morphologies not only play a significant role in providing mechanical reinforcement to the matrix
but also enhance photo-actuation for both light driven volumetric contraction and expansion of
spiropyran hydrogels. Molecular dynamics simulations indicate that water within the high-aspect-ratio
supramolecular polymers exhibits a faster draining rate as compared to those in spherical micelles,
which suggests that the high-aspect-ratio supramolecular polymers effectively facilitate the transport of
trapped water molecules by functioning as channels and therefore enhancing actuation of the hybrid
system. Our simulations provide a useful strategy for the design of new functional hybrid architectures
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Introduction
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into a single material through either a simultaneous® or
sequential polymerization strategy,”*® and interactions among
both components makes it possible to precisely tune the
dynamics and robustness of the hybrid material.*®

An important knowledge gap in the development of
supramolecular-covalent hybrid materials is the role of
morphology in the supramolecular component. In living
systems, there are many examples in which the shape of the
supramolecular component plays a critical role in their highly
dynamic and complex functions.”” For example, the fibrous
network of the cytoskeleton provides mechanical support and
helps cells maintain their shape and internal organization.****
The spherical shape of many organelles such as lysosomes
helps degrade parts of cells and destroy invading viruses and
bacteria.>* Synthetic supramolecular polymers*~¢ alone have
been demonstrated to self-assemble into structures that exhibit
many different morphologies including micelles,*”* fibers,***>
ribbons,*** tubes,**** among others, but only very few exam-
ples have been reported in which the shapes of supramolecular
components are considered when integrated with covalent
systems.”* Peptide amphiphiles (PA) are versatile self-
assembling building blocks to create designable supramolec-
ular morphologies®™ and we recently reported that fibrous PA
supramolecular polymers act as a dynamic water-draining
skeleton that enhances the photo-contraction performance of
the hybrid materials.'® We also reported a covalent hydrogel
containing photo-expanding spiropyran (SP) photo-switches
that displayed a volumetric swelling (rather than contraction)
upon light irradiation.*® However, hybrid materials based on
this photo-expanding system have not been demonstrated. We
report here on the molecular design of light-responsive hybrid
hydrogels through the incorporation of supramolecular
components with variable self-assembled shapes into covalent
photo-expanding as well as photo-contracting systems. We
systematically investigate the critical functional roles of the
supramolecular assemblies through both experimental and
computational studies.

Results and discussion
Design of PAs with variable supramolecular morphologies

To create a chemical connection with the covalent network, we
synthesized supramolecular monomer PA 1 (Fig. 1A) that
contains a polymerizable methacrylamide group at the amino
terminus (N terminus; C;,VVEEK-methacrylamide), which self-
assembled into ribbon-shaped supramolecular polymers
(Fig. S1t). The noncovalent polymerization of PA 1 and
unfunctionalized PA 2 (C,,VVEE-NH,) with a molar ratio of 1:1
in aqueous solution was found to form high-aspect-ratio twisted
supramolecular ribbons. Cryogenic transmission electron
microscopy (cryo-TEM, Fig. 1D) and atomic force microscopy
(AFM, Fig. 1G) revealed that the co-assembled supramolecular
filaments are several microns in length and tens of nanometers
in diameter. Small-angle X-ray scattering (SAXS) curves have
a slope of —1.3 at low g, which further indicated the formation
of high-aspect-ratio filaments (Fig. 1J). We changed the order of
hydrophobic valines and hydrophilic glutamic acids in PA 1 and
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PA 2, and synthesized PA 3 (C;,VEVEK-methacrylamide) and PA
4 (C14VEVE-NH,) in order to connect to a covalent network.
These supramolecular copolymers also formed high-aspect-
ratio fibers (Fig. 1B, E, H and K). In order to obtain different
supramolecular morphologies, we also designed PAs which
replace the two hydrophobic valines with hydrophilic glutamic
acids, resulting into polymerizable PA 5 (C;sEEEEK-
methacrylamide) and unfunctionalized PA 6 (C;,EEEE-NH,).
The co-assembly of PA 5 and PA 6 (Fig. 1C) with a molar ratio of
1:1 was found to form spheres with polydispersity in size by
cryo-TEM (Fig. 1F) and atomic force microscopy (AFM) (Fig. 1I).
As expected SAXS scattering scans shown in Fig. 1L reveal
completely flat with a slope of 0 for g in the range 0.05-0.1 A™%,
confirming the formation of low-aspect-ratio spherical struc-
tures. Dynamic light scattering (DLS) indicated that the diam-
eter of these micellar aggregates is approximately 50.7 nm
(Fig. S2t). These results demonstrate that we could obtain
different supramolecular morphologies in the co-assemblies
investigated by simply changing peptide sequences.

Synthesis of supramolecular-covalent hybrid hydrogel

Co-assembled supramolecular nanostructures that contain
polymerizable methacrylamide groups were used for free-

radical copolymerization in the presence of N-iso-
propylacrylamide (NIPAM) and methacrylate-spiropyran
monomers, N,N-methylenebisacrylamide (MBAAm) cross-

linkers, and ammonium persulfate and tetramethylethylenedi-
amine initiators (Table S1f). The connection between
supramolecular polymers and the covalent network creates
a “hybrid bonding polymer” which our previous work showed is
critical for mechanical reinforcement of the resulting hydro-
gels.*'® Using rheological measurements, we investigated how
the shape of the supramolecular nanostructure affects the
mechanical properties (Fig. 2A). We found that the presence of
supramolecular  nanostructures  with  high-aspect-ratio
morphologies (VVEE or VEVE) resulted in a significant
mechanical reinforcement of the hybrid hydrogel and the
reinforcement is tunable by adjusting the weight percentage of
the high-aspect-ratio supramolecular components (Fig. 2B and
C). We suggest the observed reinforcement can be explained by
the covalent connection as well as physical entanglement
among supramolecular high-aspect-ratio fibers or ribbons and
covalent polymers. In contrast, the micellar supramolecular
structures were found to provide a minimal contribution to
mechanical reinforcement of the hybrid materials even though
the weight percentage was as high as 2 wt% (Fig. 2D). This could
be attributed to the fact that the supramolecular micelles have
nearly no entanglement interactions with the covalent polymers
given their spherical shape. These results demonstrate that the
shape of the supramolecular nanostructures is critical for the
mechanical reinforcement of these hybrid materials.

Photoisomerization of supramolecular-covalent hybrid
hydrogels

In addition to mechanical reinforcement, the supramolecular
nanostructures were also found to play an important role in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A—C) Chemical structure of PAs. (D and E) A representative cryo-TEM image of high-aspect-ratio morphologies formed by co-assembly

with a molar ratio of 1: 1 of PA 1 and PA 2 (ribbons, D), PA 3 and PA 4 (fibers, E). Scale bar is 100 nm. (F) A representative cryo-TEM image of
spherical micelles formed by co-assembly of PA 5 and PA 6 with a molar ratio of 1: 1. (G and H) A representative AFM image of high-aspect-ratio
morphologies formed by co-assembly with a molar ratio of 1: 1 of PA1and PA 2 (G), PA 3 and PA 4 (H). (1) A representative AFM image of spherical
micelles formed by co-assembly of PA 5 and PA 6 with a molar ratio of 1: 1. (J and K) SAXS profiles of co-assembly in water with a molar ratio of
1:1of PAland PA2(J), PA3 and PA 4 (K), PA5 and PA 6 (L), showing the background-subtracted scattered intensity versus the scattering vector

g (log-log plot).

photoisomerization of the hybrid hydrogels containing spi-
ropyran compounds C1 and C2 (Fig. 3A and S3t). Our previous
study showed that the pure covalent spiropyran hydrogels dis-
played a volume contraction (for C1) and expansion (for C2),
respectively, upon light irradiation due to the isomerization of
the protonated merocyanine (MC) to SP.>* We found that the
hybrid hydrogels (VVEE, VEVE and EEEE) exhibited the same
trend in terms of in volume change as do the pure covalent
spiropyran hydrogels upon irradiation (Fig. 3B), indicating the

© 2023 The Author(s). Published by the Royal Society of Chemistry

presence of supramolecular components does not inhibit the
observed chemically driven photo-contraction or photo-
expansion. The light-induced volume change of the EEEE
hybrid was found to be slightly larger than that of the VVEE or
VEVE hybrids, which we attribute to the fact that the EEEE
hybrid is mechanically softer (Fig. S41) and has a relatively loose
crosslinked network. This trend was also verified in the pure
covalent hydrogels, where samples with a lower crosslinking
density displayed a larger volume change (Fig. S51).
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(A) Molecular graphics representation of supramolecular-covalent hybrid polymers formed through a free-radical polymerization process

in the presence of the high-aspect-ratio (VWEE or VEVE, middle) or low-aspect-ratio spherical (EEEE, bottom) supramolecular nanostructures.
The covalent network without supramolecular nanostructures is shown at the top. (B—D) Storage and loss moduli of hybrid hydrogels with
variable content of total PA from 0 wt% to 2.0 wt%, with a fixed co-assembly ratio at 1: 1 (molar ratio of methacrylate PA to unfunctionalized PA)

of PA 1 and PA 2 (B), PA 3 and PA 4 (C), PA 5 and PA 6 (D).

In order to gain more insight into the mechanisms under-
lying the photo-actuation behavior, we performed a series of
molecular dynamics (MD) simulations on the hybrid systems
using the coarse-grained (CG) martini force field (see Fig. S6—
S8+t for details on the martini beads and initial conformations).
Hybrid systems with supramolecular high-aspect-ratio nano-
structures (VVEE hybrid; VEVE was not investigated due to its
similarity to VVEE hybrid) or supramolecular spherical micelle
nanostructures (EEEE hybrid) containing C1 and C2 were
simulated over a time scale of approximately 2 us (Table S27).
Control systems (pure covalent polymers without supramolec-
ular components) with different crosslinking densities were
also investigated using the same simulations. Snapshots of the
final structures simulated shown in Fig. 3C, D and S97 indicated
that VVEE and EEEE hybrids maintained their supramolecular
high-aspect-ratio filaments and spherical micelle nano-
structures, respectively, regardless of whether the spiropyran is
in its SP or protonated merocyanine (MC) form. Interestingly,
while maintaining their original high-aspect-ratio or spherical
morphology, the internal PA nanostructures all undergo some
degree of deformation, especially the PAs in the VVEE hybrid

6098 | Chem. Sci., 2023, 14, 6095-6104

systems, which all transformed from the original cylindrical
fibers to twisted fibers (see Fig. S10 and S11%). Due to the
presence of these supramolecular nanostructures and their
chemical connection to the covalent polymers, the pre-stretched
covalent polymers collapsed around the internal PA nano-
structures. We calculated the average number of spiropyran
moieties interacting with each other within each polymer chain
(contact number) to understand how interactions affect the
photoisomerization process. As shown in Fig. 3E and S12, the
contact number increased in systems containing C1 but
decreased in systems containing C2 upon irradiation. This
suggests that irradiation leads to the formation of small spi-
ropyran clusters in systems containing C1, while spiropyran
units do not form clusters upon irradiation in systems con-
taining C2, which should be a result of repulsive electrostatic
interactions. We note that the average contact numbers are
never much larger than 1, so clustering leading to a phase
transition is probably not an important factor in the isomeri-
zation. The opposite trend between C1 and C2 systems was also
observed in calculations of the solvent accessible surface area
(SASA, Fig. 3F) and in values of the coordination number

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Chemical structures of VVEE, VEVE and EEEE hybrid PNIPAM polymers containing photo-switches C1 and C2 in their spiropyran (right)
and merocyanine (left) forms. (B) Plot of the net volume change of different hydrogels upon irradiation (insets show photographs of C2
expanding (top) and C1 contracting (bottom) hydrogels after irradiation). (C and D) Snapshots of final simulated structures of VVEE (top) and EEEE
(bottom) hybrid polymers containing C1 (C) and C2; MCH form-PNIPAM is shown in black, SP form-PNIPAM in blue; PA assemblies in pink; MCH
molecules in yellow; SP moieties in gray. (E) Average MCH or SP contacts involved within each polymer chain containing C1 (left) and C2 (right)
two MCH (or SP) neighbors form a contact if their interatomic separation is shorter than 0.7 nm. (F) Average value of the solvent accessible
surface area (SASA) for the total polymer systems containing C1 (left) and C2 (right). (G) Coordination number of water beads found in the first
solvation shell of radial distribution functions (data in (E—G) were averaged over the last 200 ns of each simulation and arrows in (E-G) indicate
value changes in the y axis).

between the polymers and solvent particles (Fig. 3G) (see second  experimentally. Collectively, these results indicate that the

set of simulations in Fig. S13t). These observed trends above
could be explained as arising from a decrease in the net charge
density of C1 upon irradiation, which results in less repulsive
electrostatic interactions among SPs and consequently a higher
contact number, less interaction between polymers and water,
and a net photo-contraction of the hydrogel. However, the net
charge density of C2 increased upon irradiation and therefore
exhibited an opposite trend versus C1. These results suggest that
the photoinduced decrease (or increase) of charge density
accelerates the drainage of water out of (or into) the gel (Fig. S14
and S157), which agrees with the volume changes we observed

© 2023 The Author(s). Published by the Royal Society of Chemistry

addition of sulfonate groups in C2 can trigger an opposite
photo-actuation behavior relative to C1, and most importantly,
the presence of supramolecular nanostructures in the hybrid
systems does not inhibit the photoisomerization of spiropyrans
or the photo-actuation of SP hydrogels as we have observed in
the covalent systems.>

Effect of supramolecular morphology on photo-contraction of
the C1 hydrogels

To test photo-contraction performance, C1 hydrogel thin films
(0.5 mm thick) were cut into a cross shape (each arm 7.0 mm

Chem. Sci., 2023, 14, 6095-6104 | 6099
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long and 3.0 mm wide) and irradiated with light from the top
(Fig. 4A). Because of the creation of a light-induced photo-
isomerization gradient through the films, the films gradually
bent up towards the direction of the light source. Eventually the
films flattened as prolonged irradiation eliminated the isom-
erization gradient (Fig. 4B). Bending angles of the different thin
films were measured during this bending-flattening process
and plotted in Fig. 4C. It was found that the hybrid systems
containing the high-aspect-ratio supramolecular morphology
(VVEE and VEVE) exhibit the fastest response to light and give
a maximum bending angle of ~70°. In contrast, hybrid mate-
rials containing the spherical micelle supramolecular
morphology (EEEE) displayed a smaller bending angle (~44°),
close to that of the soft covalent polymer control material
(~33°), probably due to their low moduli. However, the stiff
covalent polymer control sample with a higher crosslinking
density exhibited a modulus and a maximum bending angle
both close to that of the VVEE or VEVE hybrids, but bending of
this highly crosslinked material was about 1.7 times slower
(Fig. S16A and BY). These results indicated that mechanical
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enhancement by simply increasing covalent crosslinking
density indeed contributes to the greater maximum bending
angle of these hydrogels, but in turn limits the photoactuation
rate because the denser network hinders water diffusion. The
presence of high-aspect-ratio supramolecular polymer rein-
forces the hybrid hydrogels by physical entanglement and
simultaneously maintains a relatively loose crosslinked network
that is highly permeable to water, resulting in both a larger
bending angle and a faster actuation rate. The results also
demonstrate that the high-aspect-ratio supramolecular polymer
is more effective than spherical aggregates in enhancing the
mechanical properties as well as the photo-actuation perfor-
mance of the hybrid system.

To gain further insight into the role of different supramo-
lecular morphologies in photo-actuation, we carried out MD
simulations and monitored changes in the concentration of
trapped water for different hybrid systems before and after light
irradiation. These are plotted on a logarithmic scale in Fig. 4D
(see Methods for details). After fitting the slopes of all the curves
plotted in Fig. 4D, we determined the draining rate of the
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Fig. 4

(A) Schematic representation of the bending and flattening process of a cross-shaped hydrogel film containing C1 when exposed by

irradiation from the top; the bending angle was calculated as indicated on the right from photographs using ImageJ software. (B) Photographs of
bending and flattening of different cross-shaped hydrogel films (0.5 mm thick) containing Cl irradiated continuously with blue light from the top
(450 nm, 120 mW cm2). (C) Plot of bending angles of PA hybrid films containing C1 and different supramolecular nanostructures as well as stiff
covalent hydrogel with a crosslinker ratio of 10%. (D) Plot of the trapped water concentration calculated from a computer simulation as a function
of time for VVEE, EEEE hybrid polymers containing either the MCH* or SP moieties of C1 (plotted on a logaritnmic scale). (E) Plot of the fitted
water draining rate for VVEE and EEEE hybrid polymers containing either the MCH* or SP moieties of C1 obtained from linear fitting of the data in
(D).
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Fig. 5

(A) Schematic representation of the bending-unbending process of a rod hydrogel containing C2 by irradiation from left. (B) Photographs

of bending rod hydrogels containing C2 upon irradiation with continuous blue light from left (450 nm, 15 mW cm™2). (C) Plot of bending angles of
PA hybrid hydrogels containing C2 with different supramolecular nanostructures as well as stiff covalent hydrogel with a crosslinker ratio of 10%.
(D) Time evolution of concentration of trapped water for VVEE, EEEE hybrid polymers containing C2 obtained from simulation. (E) Fitted water
draining rate for VVEE and EEEE hybrid polymers containing C2 obtained from linear fitting of data in (D).

trapped water in different systems (see ESI{ for details). As
shown in Fig. 4E, the water draining rate for both the VVEE and
EEEE hybrid systems increased upon irradiation, which can be
explained by the hydrophobic nature of the ring-closed form of
the C1 molecule. In comparison, the water draining rates of the
SP and MCH control systems are both very small (Fig. S16C and
Dt), which suggests a more dynamic environment for water
diffusion in the hybrid materials containing supramolecular
polymers relative to samples composed only of covalent poly-
mers. Furthermore, the presence of a high-aspect-ratio supra-
molecular morphology (VVEE) resulted in a much faster
draining rate for trapped water in the hybrid systems for both
the MCH" and SP forms relative to the EEEE hybrid system
containing spherical micelles. To show more intuitively how the
trapped water can escape from the hybrid systems, we also
plotted the pathways of those draining water molecules in
different systems, as shown in Fig. S17 and S18.1 These indicate
that the high-aspect-ratio supramolecular morphology plays
a critical role in enabling the trapped water to escape from the
polymer network. The results suggest that the high-aspect-ratio
filaments form a more continuous, percolating structure that

© 2023 The Author(s). Published by the Royal Society of Chemistry

facilitates the channeling of water molecules out the material as
a more hydrophobic environment forms upon light exposure. In
contrast, spherical micelles are isolated structures with poor
continuity to be effective at expelling water through long range
diffusion and this way impeding mechanical actuation. We also
plotted the final concentration of the trapped water for different
systems and found it to be on the order of ~10~" M (Fig. $197),
which is comparable to that reported previously for other
covalent polymer systems.>” The final concentration of trapped
water in the SP form is smaller than that of the MCH" form for
all the systems investigated here. This suggests that much of the
water is expelled from the hydrogel upon irradiation, which is
consistent with the light-induced contraction behavior observed
experimentally.

Effect of supramolecular morphology on photo-expansion of
the C2 hydrogels

We found that cross-shaped C2 hydrogels tend to display an
asymmetric and unstable bending geometry upon irradiation
from the bottom, probably due to non-uniform expansion of the
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gel or non-specific interactions between the gel and the glass
substrate. To improve the stability and reproducibility of the
expanding the C2 gels, we utilized rod-shaped hydrogel samples
that hanging vertically to test the photo-expansion performance
with irradiation from the left (Fig. 5A). These rod hydrogels
initially bent away from the light source because of an expan-
sion gradient across their diameter and becoming straight
again with prolonged irradiation as the expansion gradient
becomes smaller (Fig. 5B). The bending angles plotted in Fig. 5C
revealed that the hybrid systems with a high-aspect-ratio
supramolecular morphology (VVEE and VEVE) showed
a larger bending angle and faster bending relative to the hybrid
system with the spherical micelle supramolecular morphology
(EEEE) or the fully covalent control system with low modulus.
On the other hand, the stiff covalent control with a higher
crosslinking density displayed a similar maximum bending
angle to the VVEE and VEVE hybrids but the bending is much
slower (Fig. S20t). This trend agrees with what we observed in
the photo-contraction of C1 hydrogels, indicating that the
supramolecular high-aspect-ratio structures play a critical role
in facilitating water diffusion, regardless of whether the water is
diffusing out of the material (C1 system) or being absorbed by
the material (C2 system) as a result of irradiation. As previously
explained, we hypothesize this is due to the water permeability
of supramolecular high-aspect-ratio filaments combined with
their ability to create a continuous path for water diffusion as
a result of their high-aspect-ratio.

To better understand the mechanisms associated with the
photo-expansion and bending behaviors we observed above, we
performed CG simulations and tracked the escape of water
trapped in the polymer network containing C2 (Fig. 5D). The
final concentration of trapped water is larger in the SP>~ form
than in the MCH™ form for all the four systems (Fig. S217),
suggesting the occurrence of a light-induced expansion that
matches well with our experimental observations. To further
quantify the water diffusion difference before and after irradi-
ation, we calculated the draining rate of trapped water in
Fig. 5D, E and S22, which indicates that all four systems
display a clear decrease in the draining rate of trapped water
upon irradiation (MCH™~ — SP*7). We interpret this decreased
draining rate to be the result of the more hydrophilic nature of
polymers containing the SP*>~ moiety relative to the MCH™
moiety since the higher charge density of SP>~ makes it more
difficult for water to escape. Meanwhile, we observed that the
presence of the high-aspect-ratio supramolecular morphology
in the VVEE hybrid resulted in a larger draining rate of trapped
water in both MCH™ and SP>~ forms relative to the micelle-
containing EEEE hybrid and covalent controls (Fig. 5E and
S221). We again plotted the pathways of draining water in
different systems, as shown in Fig. S23 and S24.f These obser-
vations suggest that the draining rates of water trapped in VVEE
hybrid polymer are the fastest in the C2 system, highlighting the
important role of the high-aspect-ratio supramolecular
morphology in facilitating photo-expansion of the
supramolecular-covalent hybrid polymers. Together with the
previous photo-contracting C1 system, one can conclude that
the supramolecular high-aspect-ratio morphology we described
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here facilitates water diffusion bidirectionally, that is, both into
and out of the polymer network.

Conclusions

Integration of porosity and channels into hydrogels to facilitate
water diffusion has been reported to improve the actuation
magnitude and speed. Previous methods to create channeled
hydrogels have focused on sacrificial templates and micro-
molding techniques, as well as 3D printing, among others.* In
this work, we have been able to incorporate supramolecular
components of varying morphologies into photo-responsive
spiropyran covalent networks to investigate their effect on
mechanical reinforcement and photo-actuation of the hybrid
materials. High-aspect-ratio supramolecular peptide amphi-
phile assemblies reinforced the hybrids and improved their
light driven actuation relative to those containing spherical
micelles. This trend was similar in both photo-contracting and
photo-expanding systems. Based on our simulations, we
conclude that the hydrophilic supramolecular high-aspect-ratio
filaments are able to entangle with the covalent polymer
network and increase the transport of water in and out of the
hybrid materials, thus enhancing the mechanical properties
and photoactuation rate. Further improvements on mechanical
actuation might be possible with more precise variation of
supramolecular morphology which may involve alignment or
more complex structures of the water-transporting vasculature.
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